Direction discrimination (upward/downward or left/right) for a Gabor patch in a two-frame motion display was measured as a function of the inter-frame displacement size of the component grating with the stimulus position (center, left, right, upper and lower visual fields) as a parameter. The results showed that, for vertical motion in the center, left, right and lower visual fields, the observers saw downward motion more frequently than upward motion, whereas for vertical motion in the upper field and for horizontal motion, no preference for one of the two opposite directions was obtained. Human motion vision is anisotropic in the lower half of the visual field. @ 1997 Elsevier Science Ltd. All rights reserved.
INTRODUCTION
When a vertical sinusoidalgrating is displaced horizontally by a phase angle of 180 deg in a two-frame apparent motion display, the perceived direction of motion is ambiguous;the grating appears to move to the left or to the right equally probably.We recently found that this is not the case with a horizontalgratingdisplacedvertically; the grating appears to move downward more frequently than it appears to move upward. Informal observation revealed that the upwardldownwardasymmetrywas quite evident when the observers fixated above the stimulus grating,but the asymmetry diminishedwhen they fixated below the grating. In this note, we present the data from an experiment which systematically examined the relationship between the magnitude of asymmetry and the stimuluspositionin the visual field.The resultsadd to a body of evidencewhich pointsto the anisotropy(and/or the asymmetry) of human motion vision (e.g. Ball & Sekuler, 1980; Georgeson & Harris, 1978; van de Grind et al., 1993) .
METHODS
A TOTOKU CV172 color CRT monitor with 100 Hz refresh rate was driven by a VSG 2/3 stimulusgenerator (Cambridge Research Systems) with an 8-bit look-up table for each of the R, G, and B channels. To avoid possible artifacts due to sharp luminance edge at the border, a Gabor patch was used as a stimuluspattern. The (two-dimensional) Gaussian spread was 1.5 deg. The spatial frequency of the component (one-dimensional) gratingwas 1.3 cpd,.and the (maximum)contrastwas 0.3. The orientation of the grating within the Gaussian window was perpendicular to the direction of motion. The mean luminance of the display was 10.0 cd/m2.
Within a circular aperture subtending 14 deg in diameter, the Gabor patch was centered at one of five positions: the center of the display, 3.5 deg above or below the center, and 3.5 deg left or right of the center. A fixation point (a black dot of 0.05 deg) was presented continuouslyat the center of the display.
The motion sequence in each trial consisted of two frames, between which the grating (but not the Gaussian window) was displaced either in the vertical or in the horizontal direction. The duration of each frame was 250 msec. For the horizontal motion, the observers were required to decide, by pressing a keyswitch, whether the vertical grating in the Gaussian window appeared to move to the left or to the right; for the vertical motion, they were required to decide whether the horizontal grating appeared to move upward or downward. The magnitude of the displacementwas defined as the phase differencebetween the gratingsin the first and the second frame, with the rightward or downward displacement expressed as a positive value. Thirteen values of the phase difference from 90 to 270 deg were used.
Within an experimental block, the motion direction (vertical/horizontal)and the stimulus position were kept constant and the phase difference was varied randomly across trials. Twenty trials were executed for each phase difference. A total of three blocks were carried out for each combination of the motion direction and the stimulus position. Two undergraduatestudents(TY and KY), naive to the purpose of the experiment and one of the authors (YO) served as observers.
RESULTSAND DISCUSSION
For each data set obtained in a single block, the proportion of the "left" (for horizontal motion) or "upward" (for vertical motion) responseswas calculated as a function of the phase difference. The empirical proportion vs phase-difference function was fitted with a logistic function by the method of least squares, and the phase difference at which the perceived direction of motion becomes ambiguous (i.e., the proportion of the responsesequal to 0.5) was estimated. The estimated phase difference is termed as the uncertainty point (UP). Figure 1 shows the differencebetween the phase angle of 180 deg, (i.e., the physical motion paths are of equal distance for both directions) and the estimated UPS for five positions of the stimulus; (a) for horizontal motion; and (b) for vertical motion. Shaded and stripedbars in the panels represent the mean difference obtained from the three UPSestimated for each observer. Error bar denotes 1 SD.
Horizontal motion [Fig. l(a)] The UPS for all the stimulus positions and observers are close to 180 deg, and the pattern of results does not show any hint of systematic deviation from the 180 deg point.
Vertical motion [Fig. l(b)]
On and below the horizontal meridian (i.e., in the center, the left, the right, and the lower visual fields),the UPS are larger than 180 deg. This indicates that, at the physicallyequi-distancepoint, the stimulusis more likely to appearto move downwards.The perceived directionof motion becomes ambiguous when the upward motion path is shorter than the downward path. The tendency is quite evidentfor TY and KY. It is somewhatless clear for YO, since, for this observer, the deviations are small or nearly absentin the left and right fields,but the resultsfor the center and the lower fieldsagree well with those of the other observers. Above the horizontal meridian (i.e., in the upper field), the UP for one observer (KY) is smaller than 180 deg, indicatinga preference for upward motion, but such a tendency is absent for the results of the other observers.
An additional experiment with a higher spatial frequency (3.9 cpd) was carried out for two observers (TY and KY). The results were very similar to those described above.
The present results show that human direction discrimination of motion is asymmetric for the vertical motion in the lower half of the visual field; when the physicalmotion paths are of equal distance,the observers tend to see the stimulus move downwards. On the other hand, direction discrimination is symmetric for the vertical motion in the upper half of the visual field and for horizontalmotion.
From an ecological point of view, the anisotropy obtained here (i.e., direction discrimination is asymmetric only for the vertical motion in the lower half of the visual field) has an interesting implication for an understandingof the human motion vision in the natural environment.As an observer moves about the world, the optic flow in the lower and the upper visual field (but not in the left and the right visual field) can be substantially inhomogeneous and anisotropic (for example, see Gibson, 1979) with the lower field filled with objects and texturedbackgroundhaving a high survivalvalue for the observer. Assuming that an observer moves forward more frequently than in other directionsand that objects' motions are omnidirectional,the predominant direction of the opticflowin the lower fieldis downward.Thus, the anisotropyin the lower field may be the result of a more frequent occurrence of the downward optic flow there which is brought about by natural forward locomotion.
From a psychophysical or a physiological point of view, the asymmetryin the lower field might be ascribed to the sensitivity difference between the local motion detectors tuned to upward motion and those tuned to downward motion. Motion stimulus presented in a twoframe display has a broad spatiotemporal frequency bandwidthwhich excitesthe local detectorstuned to both directions of motion (Watson et al., 1986) . One might then suppose that the asymmetry may be due to higher (contrast) sensitivity of the local detectors tuned to the downward motion, as compared with that of the local detectors tuned to upward motion. However, to the authors'knowledge,there is no evidencewhich indicates that, in the lower field, the threshold contrast for downward motion is lower than that for upward motion. Moreover, performance in direction discriminationtasks saturates at the contrast levels as low as 4-596 (Nakayama & Silverman, 1985; Ohtani et al., 1995, Fig. 7) which is much lower than the value used in the present study (30%). It is therefore doubtful that the sensitivitydifference, if any, is a major factor giving rise to the asymmetry obtained here.
A more likely explanationmay be that the asymmetry is attributed to the difference in the number of local detectors tuned to the two directionsof stimulusmotion. It is supposed that the physiological substrates for the local detectors are the direction-selective(D) cells in the striate (or higher) cortical area(s). The individualD-cell responds to the stimulus moving in a specific direction, but not to the stimuli moving in other directions and stationary stimuli. Assuming that the (large and highcontrast) stimulus used in the present study taps a multitude of D-cells, the perceived direction of motion may be determined by integrating the responses of the cells tuned to different directions of stimulus motion. If the D-cells tuned to downward motion exceed those tuned to upward motion in number [presumably to capitalize on the more frequent (i.e. downward) optic flow; see above], the integrated responsewill give rise to a prevalence of downward apparent motion, as shown in our results. The present explanation does not contradict the symmetry for the threshold performance mentioned above. Direction discrimination at threshold level may not be affected significantly by the difference in the number of the cells since it is contributed to by only a small number of the cells. Also, the explanation is not discordant with the fact that stationary stimuli do not appear to move downward; none of the D-cells tuned to different directions of motion respond to such stimuli, yielding no motion signal. Although consistent with the existing psychophysical evidence, a direct test for the idea calls for physiologicalexamination,which compares the number of D-cells tuned to different directions of stimulus motion.
